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Simulated aerosol distributions
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Underlying conceptual model of aerosol particles

Smoke	  (OC/BC)	  

Sea	  salt	  

Sulfate	  

Dust	  

External mixture of different aerosol types
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Real particles in the ambient atmosphere

Li	  et	  al.,	  Atmospheric	  Environment,	  45,	  2488-‐2495,	  2011	  

Nicole Riemer Particle-resolved simulations and black carbon impact 2014-11-13 4 / 38



Revised underlying model of aerosol particles

External	  mixture	   Complex	  external	  and	  internal	  
mixtures	  
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Transformation of black carbon in the atmosphere

Freshly emitted diesel soot “aged” diesel soot

External Internal

Freshly emitted soot is hydrophobic.

Aging due to coagulation and condensation.

This changes optical properties and hygroscopicity, hence
climate impacts.
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Are these details important?

MODIS, NASA 

Health Impacts 

Mikhail Voskresensky/Reuters 

Scatter and absorb solar 
radiation 

Interactions with clouds 

Seawifs, NASA Ackermann & Toon, NASA 
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Are these details important?

aged, the surface air temperature is predicted to rise by 0.20
and 0.37 K for the externally- and internally-mixed cases,
respectively. Clearly, uncertainty in direct radiative forcing
due to the mixing state leads to significant difference in the
temperature response.

[34] In both the externally- and internally-mixed cases,
the temperature response is concentrated more in the NH,
which is expected since radiative forcing is strongest in the
NH. The estimated surface temperature increase is 0.29 to
0.54 K for the NH and 0.11 to 0.20 K for the SH. Other than

Figure 8. Estimated change in equilibrium annual mean surface air temperature (K) for (a) EXTERNAL
minus CONTROL, (b) INTERNAL minus CONTROL, and (c) INTERNAL minus EXTERNAL. Gray
indicates areas where the change is not significant at the 95% confidence level.
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“[…]	  These	  results	  confirm	  that	  the	  mixing	  state	  of	  BC	  with	  
other	  aerosols	  is	  important	  in	  determining	  its	  climate	  effect.”	  	  
	  

External	  

Internal	  

Chung and Seinfeld, JGR 2005
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Are these details important?
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Central research question and strategy

Ques%on	  
How	  important	  is	  BC	  mixing	  state	  for	  

predic%ng	  BC	  climate	  impacts?	  

Theory	  
Mixing	  state	  metrics	  
and	  error	  metrics	  

Simula%on	  and	  data	  
Library	  of	  real-‐world	  
and	  idealized	  scenarios	  

Synthesis	  	  
Impacts	  and	  preliminary	  findings	  

Tool	  	  
PartMC-‐MOSAIC	  
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Model aerosol representation
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Evolution of mixing state is challenging to represent.

Each mode or size bin is treated as internally mixed.
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What are particle-resolved aerosol models?What Are Particle-Resolved Aerosol Models? 

Particle 
1 

Particle 
2 

Particle 
3 

BC 3 10 1 
SO4 12 3 4 
OC 5 8 2 

BC 

SO4 

OC 

•  No bins or modes 
•  Particles as vectors 
•  Treating multidimensional size distribution 

Riemer et al., J. Geophys. Res.,114, D09202, 2009
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Benefits of particle-resolved models

No approximation needed for mixing state.

1 Coarse graining tool: deriving parameters for more approximate
models (e.g. BC aging).

2 Benchmark and error quantification for more approximate
models (e.g. QMOM1, MADE32, MATRIX, MOSAIC-ext).

3 Detailed studies on the particle scale and experimental
intercomparison.

1McGraw et al., Journal of Physics: Conference Series, 2008
2Kaiser et al., Geosci. Model Dev., 7, 1137–1157, 2014
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Limitation of particle-resolved models
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Resolution: Only finite
number of computational
particles available per grid
cell (104 − 107).

On-going research to
develop more efficient
algorithms, e.g.
“weighted particles”
(DeVille et al., J. Comp.
Phys., 2011) and parallel
methods.
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Typical model setup

diesel soot 
gasoline soot 
cooking POA 
road dust 

wind wind 
aged urban  
aerosol 

VOCs 
NOx 
SO2 
NH3 

polluted mixed layer polluted residual layer 

background aerosol 

stable nocturnal layer 

photooxidation + 
condensation coagulation 

Zaveri, Easter, Riemer, West, JGR 2010

Nicole Riemer Particle-resolved simulations and black carbon impact 2014-11-13 16 / 38



Multiscale model hierarchy
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Central research question and strategy
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Hypothesis: Error versus mixing state metric

external( internal(
aerosol(mixing(state(

error(in(simulated(
aerosol(property(
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Hypothesis: Error versus mixing state metric
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Mixing state terminology

Population mixing state and Morphological mixing state

Here we will only consider the population mixing state.

1 How “complex” are the particles, i.e. how many species are
present in one particle?

2 How different are the particles from each other?
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Problem solved in ecology: Species diversity

Externally*mixed*waterholes*

Internally*mixed*waterholes*

Good,"Biometrika,*1953*
MacArthur,*Ecology,*1955*
Whi>aker,*Ecol."Monogr.,*1960;*Science*1965;*Taxon,*1972*
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Single-particle diversity

pai = mass fraction of species a in particle i

mixing entropy of ith particle: Hi = −∑a p
a
i ln p

a
i

diversity of ith particle: Di = eHi (units of effective species)

1 2 3

Di = 1 Di = 1.4 Di = 1.9Di = 2 Di = 2.5 Di = 3

1 2 3
D

average particle diversity: Dα = eHα , Hα =
∑

i piHi

bulk population diversity: Dγ = eHγ , Hγ = −∑a p
a ln pa

Mixing state index: χ = Dα−1
Dγ−1

χ varies between 0 (externally mixed) to 1 (internally mixed).
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Mixing state diagram
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Application to field data: MEGAPOLI
6294 R. M. Healy et al.: Single particle diversity and mixing state measurements

Figure 3. Campaign-averaged dependence of particle number con-
centration on ATOFMS-derived single particle diversity (Di , counts
normalised per size bin) and particle diameter (top panel) and
campaign-averaged dependence of ATOFMS-derived estimated sin-
gle particle composition on particle diameter (bottom panel).

than 3.5. This observation can be explained by heterogene-
ity in composition between single particles. Smaller particles
have higher mass fractions of BC and OA, while larger par-
ticles have higher inorganic mass fractions (Figs. 3 and 4). A
variety of different chemical mixing states for particles of the
same size has also been previously demonstrated for this data
set (Healy et al., 2013). If every single particle had identical
chemical composition, D↵ and D� would be identical, and
therefore � would equal 100%, representing fully internally
mixed aerosol.

3.3 Dependence of mixing state upon time of day

D↵ , D� and the mixing state index (�), were observed to
be dependent upon time of day, as shown in Fig. 6. Higher
values for D↵ are observed in the early hours of the morn-
ing (00:00–04:00 LT). During this period, local emissions as-
sociated with vehicular traffic and wood-burning activities
are low, and the single particle mass fractions of ammo-
nium and nitrate are increasing through enhanced conden-
sation at lower temperatures (Crippa et al., 2013). The rela-
tionship between diurnal ammonium and nitrate mass con-
centrations and temperature is shown in Fig. S5 in the Sup-
plement. The increase in the mass fractions of ammonium
and nitrate present at the single particle level leads to an
increase in D↵ . Condensation of ammonium nitrate is also
reflected in the simultaneous increase in the bulk popula-
tion diversity (D� ). Overall, this phenomenon leads to sta-
ble, but relatively higher, mixing state index (�) values from
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Figure 4. Example single particle mass spectra and chemical com-
position estimates for particles with calculatedDi values of 2.0 (top
panel), 3.0 (middle panel) and 4.0 (bottom panel).

00:00–04:00. This behaviour is consistent with that observed
for a complex urban plume scenario generated using the par-
ticle resolved PartMC-MOSAIC model (Riemer and West,
2013). In that simulation, D↵ and D� also increased due to
condensation of ammonium nitrate on pre-existing carbona-
ceous particles.
When vehicular traffic emissions increase from 06:00–

10:00,D↵ decreases due to the introduction of high numbers
of particles with high BC and OA mass fractions and low Di

values (Fig. 6). Simultaneously, however, D� increases be-
cause the increasing mass fraction of BC present at the bulk
population level leads to a more evenly weighted contribu-
tion from all five chemical species. Overall, this phenomenon
results in a more externally mixed population, and a corre-
sponding decrease in � is observed (Fig. 6).
A decrease in D� , and to a lesser extent D↵ , is observed

at lunchtime (12:00–14:00), when primary cooking organic
aerosol contributions are relatively high (Crippa et al., 2013).

Atmos. Chem. Phys., 14, 6289–6299, 2014 www.atmos-chem-phys.net/14/6289/2014/

Collaboration with Robert
Healy, University of Toronto.

Paris, France, winter 2010.

Mass fractions estimated based
on ATOFMS data,
supplemented by AMS, SMPS
and MAAP.

Five species: OA, BC, SO4,
NO3, NH4.

Healy et al., Atmos. Chem. Phys., 4, 6289–6299, 2014
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Mixing state parameters during the campaign6296 R. M. Healy et al.: Single particle diversity and mixing state measurements
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Figure 8. Temporal trends for average single particle diversity
(D↵), average bulk population diversity (D� ), mixing state (�) and
average bulk population composition. “M” and “C” correspond to
periods influenced by marine and continental air masses, respec-
tively.

3.4 Dependence of mixing state upon air mass origin

The MEGAPOLI winter campaign was also characterised by
distinct periods influenced by either marine or continental
air masses (Healy et al., 2012; Crippa et al., 2013). Local
sources contributed most significantly to aerosol mass con-
centrations under marine air mass conditions from 28 Jan-
uary 2010–7 February 2010. Advection of significant addi-
tional aerosol mass from continental eastern and northwest-
ern Europe was observed from 26–28 January 2010 and from
7–11 February 2010 (Healy et al., 2013). It is clear that air
mass origin has a significant impact upon D↵ , D� , and � , as
shown in Fig. 8. When marine air masses prevail, D↵ is low
due to the dominance of local emissions of carbonaceous par-
ticles. These particles have low associated Di values due to
their low inorganic ion content (Fig. 9). During periods in-
fluenced by continental air masses, however, additional con-
tributions of larger, transported particles containing higher
ammonium, nitrate and sulfate mass fractions are observed.
These particles have much higher Di values (Fig. 9), which
in turn leads to higher overall D↵ values. The larger size and
mass of the transported particles also impacts the bulk pop-
ulation composition considerably, leading to higher D� val-
ues (Fig. 8). The relationship between D↵ , D� and air mass
origin is shown in Fig. 10. During periods influenced by con-
tinental air masses, data points are shifted towards the upper-
right of theD↵–D� space. The average � values observed for
marine and continental air mass conditions are 55 and 60%,
respectively. The latter value remains relatively low, because
locally emitted particles with low Di values persist indepen-
dent of air mass origin (Fig. 9), resulting in a relatively ex-
ternally mixed particle population at all times. Transported,
aged aerosol with high-inorganic ion content is thus expected

Figure 9. Average dependence of particle number concentration on
ATOFMS-derived single particle diversity (Di) and particle diame-
ter for periods influenced by marine (top) and continental air masses
(bottom).

have a higher impact upon the aerosol mixing state index in
remote environments, where contributions from local sources
are minimal.

4 Conclusions

Single particle mass spectrometry, aerosol mass spectrome-
try and black carbon measurements have been used for the
first time to investigate ambient aerosol mixing state us-
ing a newly developed framework based on information-
theoretic entropy (Riemer and West, 2013). ATOFMS mea-
surements, constrained using concurrent HR-ToF-AMS and
MAAP data, were used to estimate the mass fractions of BC,
OA, ammonium, nitrate and sulfate present in single parti-
cles detected in Paris, France, during the MEGAPOLI win-
ter campaign. Species mass fractions were then used to cal-
culate single particle species diversity (Di). Low Di values
(⇠ 2) were determined for fresh, locally emitted vehicular
traffic and wood-burning carbonaceous particles composed
predominantly of BC and OA. Higher Di values (⇠ 4) were
observed for larger, transported particles containing higher
mass fractions of inorganic ions. The average diversity of
single particles (D↵), and the bulk population diversity (D� ),

Atmos. Chem. Phys., 14, 6289–6299, 2014 www.atmos-chem-phys.net/14/6289/2014/
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Average diurnal cycle

R. M. Healy et al.: Single particle diversity and mixing state measurements 6295
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Figure 5. Mixing state diagram demonstrating the relationship be-
tween average single particle diversity (D↵), bulk aerosol diversity
(D� ) and mixing state (�) for each hour of the measurement period.

Cooking-related particles are expected to have low Di val-
ues because they are composed predominantly of OA, how-
ever the ATOFMS does not detect these particles efficiently
(Healy et al., 2013), and therefore their number contribu-
tion is expected to be significantly under-represented in the
ATOFMS data set. This may be either due to an absence of
internally mixed BC or poor absorption efficiency at 266 nm
for cooking-related aliphatic organics (Silva and Prather,
2000). Emissions of pure OA particles are expected to pro-
duce a more externally mixed population and therefore result
in a decrease in � . A minor increase in � is observed in this
case from 12:00–14:00, although it is possible that this may
be due to poor ATOFMS desorption/ionisation efficiency for
cooking OA particles.
In the evening (16:00–20:00), emissions of fresh primary

traffic and wood-burning particles with high BC and OA con-
tent and lowDi lead to a minor decrease inD↵ .D� decreases
to a greater extent during this period because the high OA
mass contribution fromwood-burning particles (Crippa et al.,
2013; Healy et al., 2013) leads to a less evenly weighted con-
tribution from all five species in the bulk population. From
20:00–23:00, however, primary emissions decrease and con-
densation of ammonium nitrate leads to an increase in both
D↵ and D� . Overall, these phenomena result in an increase
in � from 16:00–23:00.
The relationship between the average D� and average D↵

values, sorted by hour of the day (N = 26 days), is shown in
Fig. 7. At night, condensation of ammonium nitrate and a de-
crease in primary emissions lead to increases in bothD↵ and
D� . Early morning vehicular emissions result in a decrease
in D↵ initially, followed by a decrease in both D↵ and D� .
Despite this dependence upon time of day, the minimum and
maximum hourly average � values are 56 and 63%, respec-
tively, indicating that the particle population in Paris remains
relatively externally mixed throughout the day.
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www.atmos-chem-phys.net/14/6289/2014/ Atmos. Chem. Phys., 14, 6289–6299, 2014
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Back to the hypothesis
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Quantifying the importance of mixing state

Here: for CCN properties
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Error ε and mixing state parameter χ
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Central research question and strategy

Ques%on	  
How	  important	  is	  BC	  mixing	  state	  for	  

predic%ng	  BC	  climate	  impacts?	  

Theory	  
Mixing	  state	  metrics	  
and	  error	  metrics	  

Simula%on	  and	  data	  
Library	  of	  real-‐world	  
and	  idealized	  scenarios	  

Synthesis	  	  
Impacts	  and	  preliminary	  findings	  

Tool	  	  
PartMC-‐MOSAIC	  
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Real-world scenarios
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Fig. 1. Map of research domain with flight path for June 11, 2007. The section of the flight path marked
with “corridor plumes” marks the section of the path where the shipping corridor was sampled. Also
marked is the section of the path that was used to obtain the background gas concentration (see Sec-
tion 3.3 and Table 2 for details).
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Fig. 3. Comparison of modeled number concentrations from the base case with the measured data ob-
tained during the single plume study on 14 June 2007 during the QUANTIFY SHIPS campaign (size
range of 10 to 2000 nm). The red dot indicates the initial aerosol number concentration. The horizon-
tal error bars represent the estimated errors in determining plume ages. The four broken lines represent
results from sensitivity runs with different sets of values for ↵ and �.
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Aging:	  Combus-on	  par-cles	  
coagulate	  with	  small	  sulfuric	  
acid	  par-cles.	  

As a part of the MEGAPOLI field campaign a one month long field measurements were304

performed during summer 2009 and winter 2010 in Paris. Each campaign included three305

ground based measurement sites (one urban, and two urban background sites), an aircraft306

(the French ATR-42 to track the evolution of the megacity plume and the build up of sec-307

ondary aerosol species from gaseous precursors during summertime) and 2 mobile platforms308

(operated by Paul Scherrer Institute (PSI) and Max Planck Institute (MPI)). Comprehen-309

sive measurement of particle and gas chemical composition and particle physical properties310

were performed (Crippa, 2012) in the three sites. Fig 2.4 shows a Google Earth image of311

the di↵erent sites for Paris. In this study we work with the wintertime data collected at the312

urban site based on LHVP (Le laboratoire d’hygine de la Ville de Paris).313

Figure 2.4: Location of the urban, urban-background and rural sites for Paris.
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Shipplume	  study	   MEGAPOLI,	  Paris	  (winter)	  

Aging:	  Ammonium	  nitrate	  
forma-on	  during	  the	  night	  
(if	  any).	  

CARES,	  Sacramento	  (summer)	  

Aging:	  ???	  	  
Current	  work	  	  

Black carbon mixing state in Paris during MEGAPOLI: Connecting particle-resolved observations to particle-resolved modeling
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Particle-Resolved Aerosol Studies

The composition and properties of black carbon (BC) aerosol particles change continuously after

emission during transport in the atmosphere. Coagulation, condensation, and photochemistry are

contributing processes, collectively termed “aging”. Understanding these processes is important

for assessing the climate impacts of black carbon aerosol.

The use of single particle mass spectrometers has allowed unprecedented insight into black car-

bon mixing state and associated aging processes, however it is di�cult to fully exploit these

measurements using traditional modal or sectional models. The newly developed stochastic

model PartMC-MOSAIC (a particle resolved Lagrangian box model) can explicitly resolve mthe

size and composition of individual particles from di↵erent sources and tracks their evolution due

to condensation, evaporation, coagulation, emission, and dilution (Riemer et al., 2009).
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Figure 1: Representation of modal, sectional and particle-resolved aerosol models. The

mixing state of the aerosol population is resolved in the particle-resolved model.

In this work, we present the first PartMC-MOSAIC case study that uses data from an aerosol time-

of-flight mass spectrometer (ATOFMS) to constrain the model. The instrument was deployed

during the 2010 MEGAPOLI winter campaign in Paris, France.

Overview: 2010 MEGAPOLI campaign, Paris

Period 1 of the MEGAPOLI campaign as shown in Fig. 2 was influenced by marine air masses

originating from the Atlantic with little influence from sources outside Paris. The right panel

shows the time series of the five BC-containing ATOFMS classes (Healy et al., 2012). For our

modeling study we consider ECTra�c (attributed to fossil fuel combustion), ECBiomass1 and

ECBiomass2 (biomass burning) as “fresh emissions”, whereas ECOCSOx and ECOCNOx (BC

internally mixed with OC and ammonium sulfate and nitrate, respectively) are considered as

“aged” particle classes.

Figure 2: Observed temporal evolution of key trace gases, temperature and humidity (left),

and ATOFMS BC-containing classes (right). The red box marks the simulation period.

PartMC-MOSAIC is used to simulate a 24-hour period starting at 1/23 6:00am. This period was

chosen because it was calm and without fog. Fig. 3 shows the composition of the five classes

and their size distributions as used in the model simulation.

Figure 3: Representative size distribution and composition of the five ATOFMS aerosol

classes. Colored circles represent the average campaign measurement, and solid lines are a

lognormal fit that will be used for the model simulation.

Evolution of Black Carbon Mixing State

Initial conditions. The initial concentrations of gas phase species, temperature, relative hu-

midity and mixing height are taken from the observations to the extent as they are available, and

otherwise supplemented by values from the literature. The aerosol population is initialized using

the ATOFMS particle classes with the composition and size distribution as shown in Fig. 3.

Emissions. The gas phase and particle bulk emission (PM2.5) data are taken from the MEGAPOLI

Scientific Report 10-17. The PM2.5 emissions are distributed over the classes ECTra�c, ECBiomass1,

and ECBiomass2, with the composition and size distribution as shown in Fig. 3. A diurnal profile

is assigned to the gas phase emissions, while the aerosol emissions do not vary with time.

Figure 4: Temporal evolution of key trace gases (left), bulk aerosol species (middle), and

number distribution (right).

Characterizing mixing state. Fig. 4 shows the evolution of bulk aerosol concentration and size

distribution, but it does not provide information about the mixing state of the individual particles.

Mixing state can be characterized by the two-dimensional number distribution depending on the

BC dry mass fraction and the dry diameter (Fig. 5), and this quantity can be calculated from

the model results as well as from the observations. As the fresh emissions are introduced and

subsequently age due to condensation and coagulation, particles with a wide ranging of BC mass

fractions appear for a given size as seen in the middle and right panel of Fig 5.

Figure 5: Evolution of the number distribution as a function of BC mass fraction and dry

diameter. Top: output from model simulation, bottom: results derived from single-particle

ATOFMS measurements.

Population Diversities and Mixing State Index. Another way of quantifying mixing state is

provided by the newly introduced concept of population diversities and mixing state index (Riemer

and West, 2013).

• The parameter D↵ quantifies the average per-particle e↵ective number of species in the pop-

ulation.

• The parameter D� represents the e↵ective number of species in the bulk population.

• The mixing state parameter � represents the homogeneity or heterogeneity of the population

and ranges from 0 to 1 from a fully externally mixed population to completely internally mixed

population.
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Figure 6: Evolution of mixing state index, � and diversities D↵, D� derived from observations

(right) and model results (left). The observed mixing state index is around 0.5 for the entire

day, indicating that the mixing state of the population remains essentially unchanged for the

conditions of this case study and that the population is fairly externally mixed.

Conclusion

This study connects particle-resolved observations to particle-resolved modeling for the first time.

We used the diversity parameters and the mixing state index to compare the evolution of mixing

state from observations and from model results, and achieved reasonable agreement. Both model

and observations show little aging for the conditions investigated here.
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Particle-Resolved Aerosol Studies

The composition and properties of black carbon (BC) aerosol particles change continuously after

emission during transport in the atmosphere. Coagulation, condensation, and photochemistry are

contributing processes, collectively termed “aging”. Understanding these processes is important

for assessing the climate impacts of black carbon aerosol.

The use of single particle mass spectrometers has allowed unprecedented insight into black car-

bon mixing state and associated aging processes, however it is di�cult to fully exploit these

measurements using traditional modal or sectional models. The newly developed stochastic

model PartMC-MOSAIC (a particle resolved Lagrangian box model) can explicitly resolve mthe

size and composition of individual particles from di↵erent sources and tracks their evolution due

to condensation, evaporation, coagulation, emission, and dilution (Riemer et al., 2009).
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Figure 1: Representation of modal, sectional and particle-resolved aerosol models. The

mixing state of the aerosol population is resolved in the particle-resolved model.

In this work, we present the first PartMC-MOSAIC case study that uses data from an aerosol time-

of-flight mass spectrometer (ATOFMS) to constrain the model. The instrument was deployed

during the 2010 MEGAPOLI winter campaign in Paris, France.

Overview: 2010 MEGAPOLI campaign, Paris

Period 1 of the MEGAPOLI campaign as shown in Fig. 2 was influenced by marine air masses

originating from the Atlantic with little influence from sources outside Paris. The right panel

shows the time series of the five BC-containing ATOFMS classes (Healy et al., 2012). For our

modeling study we consider ECTra�c (attributed to fossil fuel combustion), ECBiomass1 and

ECBiomass2 (biomass burning) as “fresh emissions”, whereas ECOCSOx and ECOCNOx (BC

internally mixed with OC and ammonium sulfate and nitrate, respectively) are considered as

“aged” particle classes.

Figure 2: Observed temporal evolution of key trace gases, temperature and humidity (left),

and ATOFMS BC-containing classes (right). The red box marks the simulation period.

PartMC-MOSAIC is used to simulate a 24-hour period starting at 1/23 6:00am. This period was

chosen because it was calm and without fog. Fig. 3 shows the composition of the five classes

and their size distributions as used in the model simulation.

Figure 3: Representative size distribution and composition of the five ATOFMS aerosol

classes. Colored circles represent the average campaign measurement, and solid lines are a

lognormal fit that will be used for the model simulation.

Evolution of Black Carbon Mixing State

Initial conditions. The initial concentrations of gas phase species, temperature, relative hu-

midity and mixing height are taken from the observations to the extent as they are available, and

otherwise supplemented by values from the literature. The aerosol population is initialized using

the ATOFMS particle classes with the composition and size distribution as shown in Fig. 3.

Emissions. The gas phase and particle bulk emission (PM2.5) data are taken from the MEGAPOLI

Scientific Report 10-17. The PM2.5 emissions are distributed over the classes ECTra�c, ECBiomass1,

and ECBiomass2, with the composition and size distribution as shown in Fig. 3. A diurnal profile

is assigned to the gas phase emissions, while the aerosol emissions do not vary with time.

Figure 4: Temporal evolution of key trace gases (left), bulk aerosol species (middle), and

number distribution (right).

Characterizing mixing state. Fig. 4 shows the evolution of bulk aerosol concentration and size

distribution, but it does not provide information about the mixing state of the individual particles.

Mixing state can be characterized by the two-dimensional number distribution depending on the

BC dry mass fraction and the dry diameter (Fig. 5), and this quantity can be calculated from

the model results as well as from the observations. As the fresh emissions are introduced and

subsequently age due to condensation and coagulation, particles with a wide ranging of BC mass

fractions appear for a given size as seen in the middle and right panel of Fig 5.

Figure 5: Evolution of the number distribution as a function of BC mass fraction and dry

diameter. Top: output from model simulation, bottom: results derived from single-particle

ATOFMS measurements.

Population Diversities and Mixing State Index. Another way of quantifying mixing state is

provided by the newly introduced concept of population diversities and mixing state index (Riemer

and West, 2013).

• The parameter D↵ quantifies the average per-particle e↵ective number of species in the pop-

ulation.

• The parameter D� represents the e↵ective number of species in the bulk population.

• The mixing state parameter � represents the homogeneity or heterogeneity of the population

and ranges from 0 to 1 from a fully externally mixed population to completely internally mixed

population.
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Figure 6: Evolution of mixing state index, � and diversities D↵, D� derived from observations

(right) and model results (left). The observed mixing state index is around 0.5 for the entire

day, indicating that the mixing state of the population remains essentially unchanged for the

conditions of this case study and that the population is fairly externally mixed.

Conclusion

This study connects particle-resolved observations to particle-resolved modeling for the first time.

We used the diversity parameters and the mixing state index to compare the evolution of mixing

state from observations and from model results, and achieved reasonable agreement. Both model

and observations show little aging for the conditions investigated here.
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Library of idealized scenariosTask A: Construct a suite of case studies for PartMC-MOSAIC, 
representative of different geographical locations and 

environments.  
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CCN-based aging criterion

10�2 10�1 100

dry diameter D / µm

10�2

10�1

100

101

cr
it
.

su
p
er

sa
t.

/
%

102

103

104

105

n
u
m

b
er

co
n
c.

/
cm
�

3

A"er	  1	  hour	  

10�2 10�1 100

dry diameter D / µm

10�2

10�1

100

101

cr
it
.

su
p
er

sa
t.

/
%

102

103

104

105

n
u
m

b
er

co
n
c.

/
cm
�

3

A"er	  15	  hours	  

Fresh	  

Aged	  

Fresh	  

Aged	  

(
dNf

dt

)
aging

= − 1
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Nf = number fresh

τ = aging time-scale

S∗ = threshold supersat.
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Distribution of aging time-scalesTask C: Compute key quantities for black carbon impact 
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Central research question and strategy

Ques%on	  
How	  important	  is	  BC	  mixing	  state	  for	  

predic%ng	  BC	  climate	  impacts?	  

Theory	  
Mixing	  state	  metrics	  
and	  error	  metrics	  

Simula%on	  and	  data	  
Library	  of	  real-‐world	  
and	  idealized	  scenarios	  

Synthesis	  	  
Impacts	  and	  preliminary	  findings	  

Tool	  	  
PartMC-‐MOSAIC	  
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Scenario library of idealized scenariosTask A: Construct a suite of case studies for PartMC-MOSAIC, 
representative of different geographical locations and 

environments.  
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Scenario	  library	   Mixing	  state	  metrics	  

With	  Moffet,	  Gilles,	  Laskin:	  
Spectro-‐microscopy	  and	  
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L. Fierce et al.: Explaining variance in BC aging timescales 19

Fig. 8. Coefficient of determination for a) coagulation and b) condensation timescales as a function of supersaturation for selected combi-
nations of independent variables. For all s, approximately 90% of variance in coagulation aging timescale is explained by two independent
variables (Figure 8.a), and 80% of variance in condensation aging timescale is explained by three independent (Figure 8.b).

Fig. 9. Coagulation aging timescale as a function of wet diameter and number of large, CCN-active particles (Figure 9.a) and condensation
aging timescale as a function of wet diameter, secondary aerosol flux, and hygroscopicity of secondary aerosol (Figure 9.b). Results are
shown for a threshold supersaturation s of 0.3%.
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Preliminary conclusions and current work

How important is BC mixing state for predicting BC climate impacts?

Depends on target quantity: CCN properties or optical
properties? (Zaveri, Barnard, Easter, Riemer, West, JGR, 115, D17210, 2010)

Good news—sometimes—regarding CCN properties.
Optical properties more complicated.
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